conducted to further advance the frontiers of distress evaluation through innovative techniques. Use of fuzzy sets (1), neural networks (6), stereovision (4), wavelet transform (7), and finite ridgelet transform (8) are some such innovations.
For periodic project-level pavement crack growth or wear evaluations, the relevant pavement sections must be imaged at regular intervals, often under different illuminations, and subsequently the features of interest in one image have to be matched and compared with the corresponding features of previous images of the same locations. Although the approximate locations of a multiple sequence of images can be corresponded using the Global Positioning System (GPS) and distance measuring instrument (DMI) in modern imaging vehicles, these tracking methods cannot be used to detect the exact location of the pavement to match the level of resolution of the imaging camera. Furthermore, currently available automated crack evaluation techniques are not designed to monitor the rate of crack growth or wearing of the pavement in specific locations of interest.
The techniques presented in this paper are recommended only for project-level studies in which selected areas of pavement sections have to be monitored for cracks or wearing. From the images of the relevant pavement sections that are obtained during the initial survey time, specific locations have to be marked where changes are required to be continually monitored over time. When images captured at the same locations at different times are first identified using the GPS and DMI, the images corresponding to the marked areas can be selected approximately. It is in the more precise or refined matching of the marked pavement details that the tools described in this paper can be useful.
Although the application of optical texture differentiation techniques is scarce in pavement evaluation literature, the authors believe that established optical texture analysis techniques can be used effectively in monitoring small texture changes in pavement sections. If a sequence of images is collected under the same scale and orientation, and the changes in texture between the images at two conditions are relatively low compared with the texture difference between the images of that location and noncorresponding locations, then texture similarity measures can be used for correspondence of a sequence of images. If the sequence of images is collected under different resolutions, if noticeable wander of the vehicle results in deviations in orientation, or if changes in texture
Optical Texture-Based Tools for Monitoring Pavement Surface Wear and Cracks Using Digital Images
Saumya Amarasiri, Manjriker Gunaratne, Sudeep Sarkar, and Abdenour Nazef Evaluation of traffic and environmental impact on pavements using digital images has become increasingly popular in recent years because of the improved efficiency it brings to pavement management. Meanwhile, significant leaps have been made in the sciences of computer vision and image processing. Although automated pavement distress evaluation using digital images has benefitted from the advances in image processing, innovative techniques used in computer vision, such as image characterization using quantification of optical texture properties of images, has not been exploited adequately in pavement evaluation. Several widely used optical texture techniques for characterization of digital images are introduced in this paper, and their useful applications in pavement evaluation are highlighted. Automated and accurate detection of correspondences in progressive images of the same pavement captured during different times is essential for close monitoring of cracks or wear at the project level. Two reliable methods for determining correspondences among pavement images irrespective of the illumination at capture are (a) texture masking and minimum texture distance method, applicable to locations with no significant distress, and (b) homogeneous coordinate geometrical matching and the maximum texture distance to detect the locations of distress. Scaled scattering index, which is a parameter ideal for estimating the size of texture primitives required for texture analysis and characterization of the pavement surface composition, is also introduced. Finally, texture characterization is applied to detection of exact locations of crack propagation and excessive pavement wear.
Automated pavement evaluation implemented in real time or postprocessing of digital images of asphalt or concrete pavements has become a routine practice in many transportation agencies worldwide (1) (2) (3) (4) . In published research, analysis related to processing of digital images has focused mostly on automated detection of type, extent, and severity of cracks. Because the state-of-the-art of automation in crack analysis is satisfactory mostly for quality assurance of network-level crack evaluations and warranty project-level general crack evaluations (5), extensive and vigorous research is being Another parameter that causes variability of the images is the orientation of the pavement camera at the time of image capture. Although the pavement camera is rigidly fixed to the MPSV and oriented vertically downward (Figure 1a) , the orientation of the features of interest in the image could change as a result of the random wander of the survey vehicle during repeated runs. Sample asphalt and concrete pavement images collected by this vehicle are shown in Figures 1b and 1c .
TEXTURE CHARACTERIZATION OF DIGITAL PAVEMENT IMAGES
A number of image (optical) texture characterization techniques that have applications in pavement image processing are discussed in this section; their actual applications are discussed in two later sections.
Scaled Scattering Index and its Usefulness
The size of a typical homogenous section or the size of the texture primitives in an image depends on the features of the image and the intensity distribution within the images. The scaled scattering index (SSI) (9) , which quantifies textural properties on the basis of the local differences of a given attribute, can be used to determine the approximate homogeneous section size. It is also a useful tool for classification of the extent of randomness of the texture in an image.
The differences in the constituents of asphalt concrete and portland cement concrete result in distinct pavement surface textures, and even within each type, the random distribution of material constituents changes the surface texture from one location to another. Consequently, the optical texture of pavement images would inherit the same randomness because of the differences in the bidirectional reflectance distribution of the pavement surface texture.
Depending on the observation scale, the local average intensity differences and local texture orientation respectively represent the homogeneity and anisotropy of the texture of an image. The mean intensity inside an n × n observation pixel window centered around the point (x, y) is defined as α n (x, y), which is evaluated as where u and v are the horizontal and vertical pixel positions inside the window, and p (u, v) is the intensity at the pixel (u, v (Figures 2a and 2b) . Amarasiri, Gunaratne, Sarkar, and Nazef 131 exceed a threshold limit, an alternative nonoptical method, the method of homogeneous coordinates, can be used for correspondence. The objectives of this study are to (a) identify optical texture characterization features that are relevant to pavement images, (b) use texture similarity measures and homogeneous coordinates for correspondence of a sequence of images, and (c) investigate the applicability of these techniques in monitoring pavement wear and widening and elongation of cracks at the project level.
IMAGING VEHICLE
Most of the images used in this study were obtained by the multipurpose survey vehicle (MPSV) of the Florida Department of Transportation (FDOT) (Figure 1a ). MPSV uses a Basler 103 linescan camera and an artificial lighting system consisting of 10 150-kW lamps. Two parameters that affect the illumination of pavement images are natural and artificial lighting. When state-of-the-art laser lighting techniques are adopted for image acquisition, such as that reported by Wang (4), the issue of shadows can be minimized. Figure 2c shows the SSI 2 distribution for a concrete pavement on US-41 in Port Charlotte, Florida. As in the case of asphalt pavements, the major SSI 2 peaks in both transverse and longitudinal directions at an observation scale of 4 × 4 pixels, which corresponds to the natural texture of the concrete pavement. However, the SSI 2 profile for the concrete pavement in Figure 2c also shows a secondary peak at an observation scale of 13 × 13 pixels, which reflects the artificial line texture (tined finish) apparent in Figure 2c , manually observed to have a period of about 10 to 15 pixels.
Different mixtures used for pavement construction produce different SSI values in their images, depending on the varying proportions of constituent materials. Hence their texture primitive sizes represented by SSI can be used to characterize different pavement mixtures. The concept of SSI can also be used as a measure of quality assurance by comparing the SSI versus n plot among images of various sections of a newly constructed pavement. Moreover, the SSI versus n plot derived from the images captured at various stages of the life of any pavement can be used to monitor the rate of degradation of that pavement because the degradation caused by the impact of traffic and environmental conditions changes the pavement texture, resulting in definitive changes in the SSI versus n behavior.
Concept of Texture Distance
Another image texture tool that can be used for determining the degree of similarity of optical texture in digital images is the texture distance evaluated between corresponding segments of two or more images. When two image segments are to be matched, the image segment that is used to match is termed the query image (Q), and the images that are matched with the query image are called the compared images (C). Out of the several images of the same size that are compared with the query image, generally only one exactly matches the query image, and that image is termed the corresponding image.
The pixel intensities in the query and the compared images are represented as texture description vectors T(Q) and T(C). T(C)
and T(Q) store the two-dimensional pixel intensities of the compared and query images in a one-dimensional array only after an appropriate processor is applied to highlight the desired texture. Then the texture distances between the query image and each compared image are computed for all the regions in the compared image. Finally, the region in the compared image corresponding to the lowest texture distance is selected as the region that matches the query image. The matching region is given by where i (1, n) defines a particular region of matching and n is the total number of regions in the database image. Unless the query image and the compared corresponding image have very specific textures, this method is a crude method for determining texture similarity.
The second method of evaluating texture distance is to divide the section of interest in the query image into separate homogeneous grids. Then the texture vectors (T g (Q)) are evaluated separately for each grid. Each compared image is similarly discretized using the where
) is the texture distance between the query image and the compared image i for grid g. Finally, the particular section in the compared image corresponding to the minimum texture distance is selected as the section that matches the query image section. A more effective comparison can be made between the textures of two images if the texture distance is computed after highlighting the desired texture feature (edge, spot, etc.) using an appropriate texture mask. Highlighting of desired pavement texture using specific texture masks will be discussed in the ensuing section.
Although the concept of minimum texture distance can be used to find the exact correspondence using two images of the same location collected at different times, if major changes caused by distresses or wear have occurred in the selected pavement segments, this concept cannot be used for correspondence. However, the maximum texture distance can be used to find the locations where maximum texture changes have occurred. For example, when the texture distance between different segments along the crack are compared with the corresponding segments of the crack collected at a different time, the texture distance for each segment could be different depending on the elongation and widening of that crack. In such cases, the maximum texture distance would represent the section in which the maximum changes in texture have occurred because of elongation or widening of the crack.
Use of Texture Masks
Well-defined local masks can be used to detect areas of digital images that have specific optical texture patterns. Therefore, masking would be a reliable tool for first highlighting and then identifying features of interest such as edges, spots, ripples, and the like in pavement images. Nine standard 5 × 5 convolution masks have been developed by Laws (10) using the 5 × 1 vectors defined in Equation 5 . They are
The vectors L5, E5, S5, and R5 yield center-weighted local average, edges, spots, and ripples. Then nine different masks can be formed by computing the outer products of each pair of the above vectors. They are designated as L5E5, L5R5, E5S5, S5S5, R5R5, L5S5, E5E5, E5R5, and S5R5. As an example, L5E5 is obtained by the product of Equations 5a and 5b: 
When a mask is used on an image, the mask is first applied as an intensity multiplier in the neighborhood of every pixel (i, j) of the image, and then its pixel intensity P i,j is replaced by the resultant intensity P′ i,j . The masking operation is defined by the following convolution equation:
] are the elements of the mask M. Then energy maps indicating the prevalence of the specific textures in the original image can be developed by using the updated intensity values obtained on the application of the relevant masks. If desired, the given image can even be clustered into regions of uniform texture using these texture energy maps. However, clustering is generally not applicable for surfaces with widely varying texture such as pavements.
Method of Homogeneous Coordinates
The texture similarity method operates on the logic that the minimum texture distance between the query image and the compared corresponding image corresponds to areas of similar texture in the two images. For this technique to produce accurate texture matching, both images must have the same orientation and scale, because matching is performed on the basis of areas demarcated by horizontal (longitudinal) and vertical (transverse) boundaries encompassing a fixed number of pixels. However, during typical project-level pavement evaluation exercises leading to repeated imaging of the same pavement location, the orientation and the scale of the images could change because of the wander of the survey vehicle and possible changes in camera setting. In addition, the minimum texture criterion would not be applicable for cases in which the level of distress changes in the corresponding areas. These limitations can be overcome by replacing the texture similarity technique with the method of homogeneous coordinates in matching the correspondences among images collected at different times and illuminations. This method, based on geometrical correspondence only, precludes the need for orientation and scale adjustment in the images. It would also address the inability of the texture similarity correspondence to detect corresponding points on a distressed location that grows in extent or severity or both.
In the method of homogeneous coordinates (11), for any point (x 1 , y 1 ) of the query image, Equation 8 is used to obtain the corresponding points (x 2 , y 2 ) in the compared image. 
The nine unknown components r ij (for i, j = 1, 3) of the rotation matrix (R) between the two images can be determined by substituting the coordinates of three known correspondence points (i = 1 -3) in the query image (x 1i , y 1i ) and the compared image (x 2i , y 2i ), in Equation 8. Then Equation 8 can be used to determine the correspondences (x 2 , y 2 ) (in the compared image) for any other specified coordinates (x 1 , y 1 ) of the query image. This method provides accurate correspondences of points between two images irrespective of the differences in scales and orientations because the scale and orientation are automatically incorporated in the matrix R. In this paper, the method of homogeneous coordinates will be demonstrated by its application in locating the correspondences on active cracks in asphalt images.
If a relative rotation exists between the features in the two images, the angle of rotation (θ) between the two images can also be determined by using the components of the matrix R given in Equation 8 as
APPLICATIONS IN PAVEMENT IMAGE CORRESPONDENCE
Tools for texture correspondence of images can be useful in monitoring the changes in pavement characteristics in a variety of applications in pavement evaluation. Although images captured at different times could have widely varying total intensity distributions (histograms), the relative texture of a given location in an image with respect to other locations would only change because of the propagation of distresses at that location or wearing of the surface. Therefore, tools that predict texture similarities or differences can be used, devoid of the illumination effects, to monitor distress propagation and wearing of pavements using images captured at different times. Different pavement materials respond to growth of cracks or wear induced by traffic or environment at different rates, and it is necessary to compare the rates of degradation in materials. The rates of crack growth or wear in different pavement surface types can be monitored using correspondence of images: images close to the area of interest are corresponded using texture similarity measures or homogeneous coordinates and then the rate of degradation over time is determined. Thus, two ideal applications of these tools would be in the regular monitoring of hairline crack growth and wearing of the pavement within a closely monitored section, using a sequence of images collected at different times.
Eliminating the Effect of Illumination and Moisture
If texture matching is to be performed to detect a certain feature (e.g., edge texture for detection of cracks), the matching exercise can be made more effective by using the relevant mask on the image. However, before using Laws' texture masks for the texture matching, the effects of illumination must be removed from the query image and the compared image. This step is typically achieved by selecting a window size of more or less homogeneous intensity and subtracting the mean of the intensities of this window from the intensity of its center pixel. Laws' texture method recommends a window 15 × 15 pixels, assuming the prominent features of the image to be larger than a 15 × 15 pixel set. However, the basic size of the tex-θ = r r 21 11 9 ( ) ture primitives in typical pavements could be smaller than a 15 × 15 window under normal imaging resolutions. Hence an approximately homogeneous section size must be selected for a given pavement surface texture so that the effect of illumination can be removed without altering the features. The SSI concept becomes useful in the selection of the homogeneous size for a particular image texture. It was shown that the homogenous sections for both asphalt and concrete were 4 × 4. Because it is practically inconvenient to use that size as the homogeneous section, for all pavement images the authors used the 15 × 15 window suggested in the literature (10) for eliminating the effects of illumination. Moisture changes the appearance of pavements in terms of color, reflection, and transparency characteristics. If the image intensity variation caused by moisture is more or less uniform in all areas of the studied pavement section, then the correction for the effect of moisture would be similar to the removal of the effect of illumination. However, if moisture is retained only inside cracks or troughs of the pavement, then the intensity variation must be considered. This variation can be addressed by modeling and observing the intensity variation of images at different moisture contents and removing the effect of moisture prior to processing. However, this cumbersome problem can be avoided if images are obtained after a dry period that allows water to be completely removed from the surface. Figure 3a shows one segment of a sample concrete image collected on US-41 in Port Charlotte, Florida, using the FDOT MPSV. Figure 3b shows the matched area of the corresponding image collected at the same location during a different run on the same day. The selected window of the first image contains a crack (considered an "edge"); hence the L5E5 mask was used to determine its corresponding position in the second image (Figure 3b ). Although the pixel intensities are different in the two instances, primarily because of differences in illumination, this method enables one to detect the exact corresponding location in the second image. Figure 4a is a grayscale (intensity of 0-255) plot of the texture distance (Equation 4) between the image in Figure 3a and image segments of the same size at different locations of Figures 3b, with the intensity of a given area in Figure 4a set up to be proportional to the texture distance between that area and the query image section. The dark spot (lowest intensity) at the center of Figure 4a indicates the area with the minimum distance between the two images, which was verified manually to be the exact matching position. Figure 5 shows similar results for the same concrete pavement at a different location where the exact identification could be made even in the absence of major identifying features such as cracks and isolated defects. It is also evident that matching can be achieved even with the marked difference in illumination between the images in the two runs. Similar to Figure 4a , the dark spot at the center of Figure 4b shows the area with the minimum texture distance between the two images (Figures 5a and 5b) , which corresponds to the exact matching position.
Correspondences of Concrete Images

Detection of Pavement Wear Through Correspondences of Asphalt Images
It is well established that the skid resistance of a pavement depends on the microtexture of the aggregate as well as the macrotexture depth [mean profile depth (MPD)] and wavelength. MPD and wavelength are governed by the size and spacing, respectively, of the aggregates. Lower MPDs, higher wavelengths, and smooth aggregates decrease the skid resistance of pavements. Thus pavement wear lowers both microtexture and macrotexture and reduces the skid resistance of pavements. It was theoretically proven and experimentally verified by the authors (12) that the pavement surface degradation caused by changes in macrotexture and microtexture results in quantifiable changes in the intensity of the corresponding images. It was also found that the brightness of an image increases with pavement wear (12) . In a similar study by Khoudeir and Brochard (13), pavement wear was attributed to changes in the gray-level distribution, absolute value of the gradient, autocorrelation function, and distribution of the curvature map of corresponding digital images. Amarasiri et al. (12) also showed that once an equipment-specific correlation is developed between the intensities of images captured at one stage of wearing and the skid friction measurement corresponding to that stage, the intensities of images can alone be used to predict the friction measurements at future stages. These findings can be used to determine the degree of wear of pavements at different stages of their life using the intensities of corresponding images. The matching technique developed in the current research would be ideal during such efforts for identifying the location to be monitored for wear at every stage.
However, to compare the image intensity distribution at different times, the exact pavement section has to be corresponded at each time. This step can be achieved by using the minimum texture distance criterion to find the corresponding points. Generally changes in texture caused by wear are limited to the wheelpaths. Hence the minimum texture distance can be an appropriate method to correspond the exact locations of the relatively unaffected neighboring nonwheelpath areas of images collected at different times. Then the significant texture changes that occur on the wheelpath locations that are visible in the images can be estimated to evaluate the degree of wear.
Figures 6a and 6b are two images collected from a section of the asphalt pavement in Fowler Avenue in Tampa, Florida, on July 8, 2007 , and January 20, 2008, respectively. These images will be used to show similarity matching and detection of pavement wear. Even after the illumination effects were removed from the two images, locations close to one wheelpath of the compared image (around Point B) showed significant texture changes compared to Point A outside the wheelpath. Because no significant distress was seen at B, it was determined that the relatively high change of the texture would be caused by pavement wear. However, in order to evaluate the texture change at B accurately, one must locate Point B in both images.
Locating Point B in both images is made possible by first corresponding a point outside the wheelpath, such as A with minimal texture changes, in the two images. When the minimum texture distance criterion was applied to the two images in Figures 6a and 6b , Point A is matched exactly as seen in the dark spot in Figure 6d . Then, based on the relative positions of A and B, one can locate B in Figures 6b  and 6c . Furthermore, Figure 6d depicts the relative texture distance between the two image segments with Point A with no texture change corresponding to the minimum distance. Finally, the texture distance corresponding to Point B and hence the degree of wear at B can be estimated on the basis of Figure 6d .
Although the procedure for detection of texture similarity is applicable to locations where no significant changes in texture have taken place between imaging times, it can also be extended to evaluate the wear at neighboring locations.
APPLICATION TO MONITORING OF CRACK GROWTH
The durability of a pavement depends on the rate of crack propagation. The higher the rate of crack propagation, the faster the rate of pavement deterioration. Monitoring of individual cracks at the project level could furnish valuable information on the performance of a given pavement mix or a specific maintenance or rehabilitation technique. These objectives can be achieved by monitoring a few selected representative cracks on the given pavement section.
To formulate a new methodology for monitoring the growth of selected cracks using the tools described in this paper, images of five asphalt pavement locations with different traffic levels (low to high) were selected. At each location, low, medium, and high severity cracks were marked for growth monitoring. For locations at which texture changes between images were minimal, the minimum texture distance was used for correspondence. For locations with significant changes in texture, homogeneous coordinates were used. The maximum texture distance was used to find the locations of a crack where maximum texture changes have occurred.
Use of Canny Edge Detector for Crack Tip Identification
In automated pavement evaluation systems, edge detection has been considered the conventional method for identifying and classifying pavement cracks. Of the common edge detectors that are currently used in digital image processing, the Canny edge detector (14) is one of the most effective ones used to detect the intensity contrasts (edges). Wang et al. (15) used a wavelet technique to detect edge information from pavement surface images. In this work, the authors first attempted to use the Canny edge detector built in MATLAB to detect the intensity contrasts at the cracks. The parameters to be assigned for the Canny edge detector are the contrast threshold intensity for the edges and its standard deviation. Then the edges of images that are above the threshold are detected automatically. Trial threshold values and variances were used to select the optimum identification conditions. In the case of asphalt texture, because the aggregate particle and asphalt binder interface had a higher contrast than the edges of cracks, the edges of the particles were highlighted over the edges of cracks. Figure 7 shows the results of edge detection with a threshold of 0.25 and a variance of 0.1. This analysis demonstrates that the Canny edge detector is inadequate for detection of an asphalt pavement crack tip.
Application of Homogeneous Coordinates to Study Pavement Crack Growth
To monitor the growth of a crack, two criteria must be available: (a) any common (matching) location on the crack appearing in the initial and the updated images and (b) identification of the crack tip location in the two images. Although the homogeneous coordinates technique is adequate to determine matching locations on active cracks, to locate the crack tip accurately, one also needs an edge detection technique.
Application of Maximum Texture Distance to Study Pavement Crack Growth
Correspondences between images of cracks that do not change in width can be determined using the minimum texture distance criterion. However, extending crack tips and widening crack locations cannot be matched because of the significant texture changes at the crack tip and widening locations. However, the combination of the homogeneous coordinates and the maximum texture distance concept satisfy the criteria mentioned above for monitoring the growth of an active crack. The authors used these techniques to detect the locations of crack tips and widening locations. Figure 8 shows an image of a cracked pavement section from Fowler Avenue captured June 24, 2007. Six sections, 1 through 6, of size 50 × 50 pixels were marked along the crack, including the tip of the crack, from left to right. Using the method of homogeneous coordinates, the corresponding sections 50 × 50 pixels were detected on the subsequently captured images of the same location (Figures 9a, 10a, and 10b) . For each of the six sections on the crack, texture distances between correspondence points were computed after the L5E5 operation. Figure 9b corresponds to the texture distance distribution in Sections 1-6 in Figure 8 and the corresponding sections in Figures 9a.  From Figure 9b , it can be noted that the maximum texture distance corresponds to Section 1 of Figure 8 , where the most significant texture change has occurred. Figure 11 is a plot of the same sections showing how the location of the maximum texture difference surements for the specific changes in image texture associated with given types of defects or rehabilitation such as patching, one would be able to use the images collected at different times to identify the variation in the pavement condition caused by defects or rehabilitation techniques. Doing so would preclude the necessity for using hazardous manual pavement surveys for such exercises. Such potential applications can be pursued when the image matching procedure described here is made more efficient practically.
SUMMARY OF DEVELOPMENTS
1. The minimum texture distance criterion can be used to detect corresponding locations of images where the pavement distress condition does not change within times of capture.
2. When the pavement texture changes significantly because of changes in extent and severity of distress, the minimum texture distance concept must be replaced by the method of homogeneous coordinates for detecting correspondences within or outside the distressed areas.
between the sections in Figure 8 and the corresponding sections in Figures 9a, 10a , and 10b changes gradually. The section of maximum texture distance moves inside the crack as the crack propagates. When the sections were visually observed, it could also be noted that in addition to its growth in extent, the crack was widening. When the changes in texture caused by widening of the crack are higher than those caused by extension of the crack tip, the section corresponding to the maximum texture distance is shifted to the location where the widening of the crack has occurred. Hence the maximum texture distance criterion can be used to detect locations where the most significant changes have occurred on the pavement, caused by either widening or elongation.
APPLICATION IN DIFFERENT TYPES OF DEFECTS
The changes in pavement texture caused by different types of defects in response to traffic and environmental conditions have unique characteristics. Therefore, by initially calibrating the texture meamanagement. Before texture distance computations, appropriate texture masks have to be applied to highlight the prominent texture features. When texture measures are computed, determining the approximate size of the texture primitives of a pavement is important. The application of the SSI in determining the size of a homogeneous section was demonstrated. SSI produced consistent results for both asphalt and concrete pavements showing that the primitive texture size is 4 × 4 pixels. In addition, the SSI relationship correctly reflected the artificial line texture that occurred every 10 to 15 pixels in concrete pavements. However, it was found that the use of a window 15 × 15 pixels was more practical than a 4 × 4 window for masking operations.
The concept of minimum texture distance was shown to be effective in matching areas in images where no significant texture changes have occurred. It was also demonstrated that the correspondence (matching) of images can be used to monitor pavement wear accurately. The investigation also revealed that when locating corresponding points on the distressed areas, the homogeneous coordinates concept can be used effectively, irrespective of the likelihood of significant texture changes. The concept of maximum texture distance was shown to be effective in identifying the significant mode of crack growth (elongation or widening). In contrast to existing computational techniques that classify cracks and evaluate them in relatively large pavement sections on the basis of AASHTO and other standard protocols, the new computational techniques would be useful in fine monitoring of limited distressed pavement sections required in project-level and quality assurance investigations. 3. Detected correspondences between images can be used to monitor progression of wear at project-level pavement investigations.
4. The method of homogeneous coordinates, L5E5 masking operation, and the maximum texture distance criterion can be combined to verify the significant mode of crack growth (i.e., elongation or widening), depending on whether the location of the maximum texture distance moves out of the crack or inside the crack.
CONCLUSIONS
Accurate monitoring of the development of pavement distress such as cracking and wear is vital in project-level pavement evaluations. This is especially the case when a significant change in the crack rating or skid number is observed in a given pavement section between two consecutive surveys, or when the durability of different surface mix types have to be compared. However, for these applications to be efficiently implemented, the same image sections collected at different times must be matched manually or automatically.
The optical texture characteristics of pavement images change as a result of the formation of new distresses and growth of existing distress. Because manual correspondence at the pixel level would be extremely tedious, tools for evaluating optical texture changes in pavement images would be quite useful in pavement
